Abstract Uveitis comprises an extensive array of intraocular inflammatory diseases and often results in irreversible visual loss. Experimental autoimmune uveitis (EAU) is an animal model used to study human uveitis. Both innate and adaptive immune responses are known to mediate retinal damage in EAU. The innate immune response occurs first with activation of toll-like receptors which upregulate inflammatory cytokines, leading to oxidative stress; subsequently, the adaptive immune response results in inflammatory cytokine upregulation and mitochondrial oxidative stress. In early EAU, mitochondrial DNA is damaged before inflammatory cellular infiltration and alters mitochondrial protein levels and the functions of mitochondria in AU. Our recent study confirms the importance of TLR4 in the generation of inflammatory cytokines, initiation of oxidative DNA damage, and induction of mitochondrial oxidative stress. Like EAU, sympathetic ophthalmia also results in photoreceptor mitochondrial oxidative damage. Agents that prevent mitochondrial oxidative stress and photoreceptor apoptosis may help prevent retinal damage and preserve vision in uveitis.
Introduction
Uveitis is one of the major causes of blindness due primarily to retinal tissue damage, especially retinal photoreceptor degeneration, caused by the release of cytokines and various other chemical mediators such as oxygen metabolites [1] . Experimental autoimmune uveitis (EAU) is an animal model used extensively to study the developmental mechanisms behind human uveitis. Uveitis is induced in mice and rats for the autoimmune disease model. In the mice models, EAU is induced by injecting interphotoreceptor retinoid-binding protein (IRBP) emulsified in complete Freund's adjuvant (CFA) supplemented with Mycobacterium tuberculosis strain H37RA. Bordetella pertussis toxin (PTX) is included as an additional adjuvant to CFA to increase the susceptibility of resistant strains; however, in some sensitive strains, such as B10RIII mice, PTX injection is not necessary [2] . Usually, the emulsion is injected subcutaneously, divided between the base of the tail and both thighs [3, 4] . In Lewis rats, the uveitis is induced by a hind foot-pad injection of bovine S-antigen or IRBP in CFA containing heat-killed M. tuberculosis strain H37RA [5] [6] [7] . In both mice and rats, the EAU is characterized by two phases, early EAU and amplified EAU. Early EAU is defined as the phase prior to day 7 postimmunization before infiltration of inflammatory cells into the retina and/or urea, whereas amplified EAU occurs after day 7, with a peak inflammation on day 14 ( Fig. 1 ) revealing heavy infiltration and inflammatory cells in the retina and uvea.
A well-recognized mechanism of EAU development is the T cell-mediated adaptive immune response; however, recent reports show that the innate immune response also plays a crucial role in the initiation of EAU [4, 8, 9] . Both the adaptive and innate immune responses mediate retinal damage; the innate immune response occurs first with tolllike receptors upregulating inflammatory cytokines which leads to the induction of oxidative stress; the adaptive immune response occurs on a cellular level, but also results in inflammatory cytokine upregulation and oxidative stress (Fig. 2) .
The adaptive immune response has been widely studied in EAU. In previous years, EAU-related retinal damage was attributed to blood-borne activated macrophages and polymorchonuclear leukocytes, which release a variety of cytotoxic agents and free radicals, including, superoxide, hydrogen peroxide, and inducible nitric oxide synthase (iNOS) and related oxidant, peroxynitrite (ONOO − ) in the retina, resulting in oxidative stress [1, [10] [11] [12] . The oxidative stress primarily takes place in the mitochondria during the early phase, whereas nuclear oxidative damage is observed during the amplification phase of EAU. Mitochondrial proteins such as cytochrome C and mitochondrial import stimulation factor are the primary targets for inactivation by ONOO − which results in mitochondrial oxidative stress [6] .
The oxidants and free radicals initiate retinal lipid peroxidation, causing the formation of hydroperoxides and their resultant chemotactic activity amplifies the inflammatory processes [13] . Localization of hydroperoxide-derived cellular carbonyls and cellular modification by tyrosine nitration were found concentrated in the photoreceptor layers at the height of inflammation during the amplified phase of EAU, postimmunization day 14 [10, 11, 14] . Macrophages typically infiltrate the retina during this amplification phase of EAU [6, 15] . In addition to macrophages, retinal microglia also exhibit phagocytic functions; once activated, microglia migrate to the outer retina and release the pathogenic factors ONOO − and tumor necrosis factor-α (TNF-α) [15] . In EAU, microglial migration toward the photoreceptors may be mediated by the lipid peroxidation product decosahexaenoic acid hydroperoxide (22:6 HP) formed in the photoreceptors, and these migrating cells could help modulate inflammation [16] . However, contrary to earlier observations, later studies revealed that during the early phase of EAU (postimmunization day 5) retinal ONOO − initiated damage occurred before there was any histologic or immunohistochemical evidence of macrophage infiltration or migration of retinal microglia [6, 15] . These findings suggest that the innate immune response may play a role in inducing peroxynitrite-mediated oxidative stress during the early phase of EAU. Prior to leukocyte infiltration during early EAU, selective peroxynitrite-mediated nitration of photoreceptor mitochondrial proteins occurs [17] . Our studies show that in the Fig. 1 Morphologic changes can be seen throughout experimental autoimmune uveoretinitis (EAU). Photomicrographs showing hematoxylin and eosin-stained sections of mice (B10RIII) retinas reveal that during early EAU (day 5 postimmunization), retinas remain intact; whereas at the peak of inflammation, during the amplification phase of EAU (day 14), macrophage and other inflammatory cell infiltration is prominent and the retinal structure is no longer well-preserved Fig. 2 During early EAU, inflammatory cytokines are upregulated, specifically tumor necrosis factor-α (TNF-α). TNF-α is a cytokine known to diffuse and upregulate inducible nitric oxide synthase in adjacent cells, resulting in the generation of NO and the subsequent formation of peroxynitrite (ONOO − ) in the mitochondria which leads to mitochondrial oxidative stress. The nitration process takes place primarily in the photoreceptor inner segments, an area rich in mitochondria. Mitochondrial oxidative stress causes the initiation of lipid peroxidation and the formation of hydroperoxides; hydroperoxides, along with the nitrated mitochondrial proteins, function as chemotactic agents that amplify the inflammatory processes by recruiting macrophages, resulting in photoreceptor apoptosis early stages of EAU, mitochondria are the major source of ONOO − , and mitochondrial proteins are the prime target for inactivation, further implicating photoreceptor mitochondria as initiators of the proinflammatory response in early EAU [6] . Because of the selective nitration of photoreceptor mitochondrial proteins and the presence of peroxynitrite resulting from reactive oxidants and iNOS induced nitric oxide in the photoreceptor inner segment mitochondria, there appears to be photoreceptor mitochondrial oxidative stress during the early phase of EAU, before the infiltration of inflammatory cells; this stress is probably mediated by TNF-α induced iNOS and subsequent generation of peroxynitrite [18] . Although some observations suggest that during early EAU, a few activated T cells could infiltrate the retina and generate cytokines [18] , a closer look at the innate immune response may give us a clearer picture about the cause behind mitochondrial oxidative stress. This review explores evidence for the development of mitochondrial oxidative stress from innate and adaptive immune effector processes of EAU and the stress-related retinal damage during autoimmune uveitis.
Photoreceptor mitochondrial oxidative stress
Mitochondrial DNA damage: an important marker for oxidative damage Mitochondrial DNA (mtDNA) is more susceptible to oxidative damage than nuclear DNA (nDNA) because the former is in direct contact with mitochondrial produced reactive oxygen species; mtDNA are not protected by histones or other DNA-associated proteins [19] [20] [21] . In addition, the DNA repair machinery inherent in mitochondria is less efficient than nDNA [22, 23] . Therefore, in tissues rich in mitochondria, like the retina, the damaged or altered mtDNA serves as a reliable biomarker of oxidative stress.
Using a novel long quantitative polymerase chain reaction (QPCR technique), our laboratory demonstrated that mtDNA is damaged early in EAU (day 4 postimmunization). We also showed that in EAU, mitochondrial oxidative stress occurs before macrophage or other inflammatory cellular infiltration [7] . These findings support previous studies from our laboratory that determined that peroxynitrite-mediated nitration of photoreceptor mitochondrial proteins, as well as the presence of reactive oxidants and peroxynitrite, occurs in mitochondrial photoreceptors during early EAU [17, 18] . Oxidative stress appears to target the mitochondria as the original site of inflammation and thus damaged or altered mtDNA is a major target for oxidative damage.
iNOS-mediated oxidative stress results in the nitration of cytochrome c, a photoreceptor mitochondrial protein, which is then released into the cytosol; such cytochrome c release is known to cause apoptosis [6, 18] . Oxidative damage of mtDNA, if left unchecked, can lead to mitochondria dysregulation and cell death [24] . However, despite the presence of mtDNA damage, in our study apoptosis was not detected during early EAU (apoptosis occurred on day 12) [7] . Some of the reasons postulated by our laboratory for the lack of early cell death were that there may have been insufficient amounts of mtDNA damage to cause apoptotic cascades until day 12 or that protective mechanisms like heat shock proteins and crystallins, which are upregulated by oxidative stress, prevents photoreceptor apoptosis during early EAU by inhibiting components of the apoptotic cascade and functioning as protective and repair mechanisms [3, 7, 25] .
Differential expression of mitochondrial proteins and mitochondrial dysfunction During early EAU, retinal DNA damage is restricted to the mitochondria; this suggests that mitochondrial oxidative stress plays a role in retinal damage [7] . Mitochondria are a source of reactive oxygen species and are the main target for stress-mediated damage. Oxidative stress can alter mitochondrial protein levels and consequently alter the functions of mitochondria in EAU. ATP synthases maintain mitochondrial membrane potentials and morphology [26] . Using 2D-DIGE, mass spectrometry by MALDI-TOF MS analysis, and reconfirming findings with Western bolt analysis, our laboratory found that during early EAU, there was a significant decrease in ATP synthase protein levels in retinal mitochondria; this suggests that decreased levels of cellular ATP and loss of ATP synthase activity corresponds to mitochondrial oxidative damage [3] . Moreover, the expression of aconitase, a sensitive marker of oxidative stress in mitochondria, was upregulated suggesting that mitochondrial oxidative stress affects its expression during early EAU [3] .
Other proteins with altered expression due to early EAU were calretinin, mitochondrial aspartate aminotransferase, and malate dehydrogenase; we found decreased levels of calretinin, increased levels of mitochondrial aspartate aminotransferase, and decreased levels of malate dehydrogenase when compared to controls. These findings suggest mitochondrial dysfunction during early EAU. As we reported in an earlier study, damaged or altered mtDNA is a primary target for oxidative damage [7] . mtDNA damage causes amplification of oxidative stress by decreasing the expression of essential proteins for electron transport like malate dehydrogenase, leading to reactive oxygen species and mitochondrial dysregulation which will eventually cause apoptosis.
The role of innate immunity in mediating photoreceptor mitochondrial oxidative stress In early EAU, the mechanism that induces oxidative stress is still uncertain. Traditionally, it was believed that macrophages caused oxidative damage, but this seems unlikely since there is no histologic or immunohistochemical evidence of macrophage infiltration in the retina or uvea until days 11 to 12 whereas oxidative stress appears much earlier on days 5 to 7 [6, 15] . In addition to macrophages, retinal microglia also exhibit phagocytic and proinflammatory pathogenic functions, however, they too do not appear to migrate towards the outer retina during early EAU. Our laboratory has previously reported that there is some evidence of adaptive immunity playing a role in the induction of oxidative stress; the presence of a few CD3 + cells in the retina on day 5 postimmunization and real-time QPCR data showing an increase in CD28 transcripts in the retina, implicates the presence of activated T cells [18] . There is also a marked upregulation of inflammatory cytokines associated with the induction of oxidative stress, such as TNF-α, iNOS, IFNγ, and IL1α on day 5 postimmunization [18] . Such cytokines could be generated by the innate immune response in the retina; the number of activated T cell infiltration was minimal during early EAU. The presence of these cytokines coincides with the presence of mtDNA damage. TNF-α causes the upegulation of iNOS, which subsequently causes the production of nitric oxide and other oxidative factors that contribute to mitochondrial oxidative stress [27, 28] . The early upregulation of TNF-α, before the migration of retinal microglia and infiltration of macrophages, suggests that innate immunity could cause oxidative stress during early EAU.
The innate immune response may contribute to oxidative stress before the T cells have a chance to migrate into the retina. In a recent study, our laboratory used real-time PCR analysis to show that during early EAU, before leukocyte infiltration of the retina, there is increased expression of TNF-α and iNOS in nude mice compared with nonimmunized controls [4] . Since nude mice are deficient in T cells [29] , the presence of these inflammatory cytokines confirms that innate immunity plays a role in the upregulation of cytokines.
Toll-like receptors (TLRs) are a group of transmembrane proteins that play an essential role in the innate immune response and in the upregulation of TNF-α [30, 31] . In vitro studies suggest that activation of TLR4 can cause mitochondrial oxidative stress in the central nervous system and in the liver [32] . Similar mitochondrial oxidative stress is seen in photoreceptors in early EAU [5] . Our recent study confirmed the importance of TLR4 in the generation of proinflammatory cytokines crucial to the induction of mitochondrial oxidative stress; using real-time PCR and Western blot analysis, we found that TNF-α and iNOS were markedly downregulated in TLR4-deficient mice when compared with wild-type mice with EAU [4] . TLR4 deficiency was shown to attenuate iNOS gene expression and expression of this cytokine is known to cause mitochondrial oxidative stress [18] . We confirmed our finding using immunohistochemistry, which revealed that in addition to TNF-α and iNOS, photoreceptor mitochondrial oxidative stress was abrogated in the absence of TLR4, as observed with TLR4 knockout mice with EAU [4] .
Our laboratory also revealed that during early EAU, the presence of TLR4 is crucial for the initiation of DNA oxidative damage. As stated in a previous study, damaged or altered mtDNA is a reliable biomarker of oxidative stress in tissues rich in mitochondria like the photoreceptor inner segments of the retina [7] . 8-hydroxy-2′-deoxyguanosine (8-OHdG), an oxidized form of deoxyguanosine, is a reliable indicator of DNA oxidative damage; during oxidative stress, 8-OHdG levels increase preferentially in mitochondria as a result of the single-stranded nature of mtDNA, which makes it more susceptible to damage [33] . Our recent study showed that while there is substantial 8-OHdG staining and thus mitochondrial DNA damage in wild-type mice with EAU, this is substantially reduced in TLR4 knockout mice (Fig. 3) [4] . The intense 8-OHdG staining we found in the photoreceptor inner segments of WT mice with EAU reinforces previous findings from our laboratory which indicate that in EAU retinas, photoreceptor cells are the primary site of oxidative damage [12, 18] . Our recent studies also support previous reports that apoptosis is not a feature of early EAU; based on terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining, apoptotic cells were nor detected in WT or TLR4-deficient mice with EAU, suggesting the presence of a protective mechanism, such as αA crystallin upregulation, in the photoreceptors that prevents photoreceptor apoptosis in early EAU [4, 7, 25] .
Although the presence of TLR4 is necessary for the upregulation of significant quantities of TNF-α, iNOS, and 8-OHdG, other TLRs may also play a minor role in the induction of these gene products in early EAU since mild upregulation of these cytokines and mild oxidative DNA damage still occurs when TLR4 is not present. However, based on our findings, TLR4 has a functional significance in EAU and further study of TLR4 and innate immunity will enhance our understanding of the EAU pathway.
Photoreceptor oxidative damage in sympathetic ophthalmia A recent study from our laboratory reveals that like EAU, sympathetic ophthalmia (SO) also results in photoreceptor mitochondrial oxidative stress and damage. SO is a diffuse bilateral granulomatous uveitis that is a potential complication of penetrating ocular injury to one eye and has the potential to cause blindness to both eyes; in SO, leukocytic infiltration is seen in the uvea, but is absent in the choriocapillaries and retina [34, 35] . Using immunofluorescent techniques, we found increased levels of TNF-α in the photoreceptor layer, which suggests that TNF-α plays a role in the induction of iNOS in SO [36] . At the inner segments of the photoreceptors, iNOS was colocalized with cytochrome c, indicating its photoreceptor mitochondrial position. Thus, iNOS and nitrotyrosine were found in the mitochondria of the photoreceptors which clearly indicates the presence of photoreceptor mitochondrial oxidative stress in SO [11, 17, 18, 36] . The upregulation of both iNOS and nitrotyrosine occurred in the absence of CD3-positive T or CD45-positive leukocyes in SO retinas. Our study showed apoptosis of few photoreceptors, but the sections of the eye also revealed the absence of extensive apoptosis in the photoreceptor cell layer, despite the presence of diffuse photoreceptor mitochondrial oxidative stress (Fig. 4) [36] . This observation suggests that like EAU, SO also has a protective mechanisms in place, like crystallins, to prevent apoptotis.
Like EAU, the mechanism behind SO photoreceptor oxidative stress remains unclear; since SO and EAU appear so similar, perhaps the same approach should be taken in studying both diseases. In SO photoreceptor damage and eventual blindness occurs in the absence of T cells and leukocyte infiltration in the retina [34, 36] , suggesting that perhaps the role of innate immunity in SO needs to be looked at more closely.
Conclusion
During the early phase of EAU, photoreceptor mitochondrial oxidative stress occurred before there was any histologic or immunohistochemical evidence of macrophage or other inflammatory cell infiltration. Oxidative stress appears to target the mitochondria of photoreceptors and the primary site of inflammation and mtDNA is targeted at the photoreceptors. However, despite the subsequent presence of mtDNA damage in the photoreceptors, apoptosis is not a characteristic of early EAU. Oxidative stress can also alter mitochondrial protein levels and consequently alter the functions of mitochondria in EAU. The presence of inflammatory cytokines, photoreceptor mitochondrial oxidative stress, and mtDNA damage −/− mice. In the WT mice with EAU, intense 8-OHdG staining was detected in the inner plexiform layer (IPL), inner nuclear layer (INL), outer plexiform layer (OPL), and in the inner segments of the photoreceptor layer; such staining was significantly reduced in the outer plexiform layer and inner segments and was absent in the remainder of the retina in the TLR4 −/− mice during early EAU Fig. 4 Immunofluorescence colocalization of nitrotyrosine with apoptotic cells in retinas of patients with sympathetic ophthalmia (SO). SO globes were labeled using polyclonal rabbit antinitrotyrosine (primary antibody)and sheep-antirabbit IgG conjugated with flourescein (secondary antibody), followed by TUNEL staining using a TACS TdT Apoptosis Detection Kit (American Qualex). Nitrotyrosine was localized primarily in the photoreceptor inner segments (IS). Apoptotic cells were detected mainly in the outer nuclear layer (ONL), with a few apoptotic cells in the inner nuclear layer (INL) in SO retinas before leukocyte infiltration during early EAU, suggests that the role of innate immunity, especially TLR4, has a functional significance in the EAU pathway. Recent studies show the similarities between EAU and SO; our results suggest that agents that may prevent photoreceptor mitochondrial oxidative stress and that may prevent photoreceptor apoptosis initiated by oxidative stress may help to prevent retinal damage and preserve vision in SO and perhaps other uveitic conditions.
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